Fluorescence and absorption spectra were used to study the temperature effect on the conformation of bacteriorhodopsin (bR) in the blue and purple membranes (termed as bRb and bRp respectively). The maximum emission wavelengths of tryptophan fluorescence in both proteins at room temperature are 340 nm, and the fluorescence quantum yield of bRb is about 1.4 fold higher than that of bRp. As temperature increases, the tryptophan fluorescence of bRb decreases, while the tryptophan fluorescence of bRp increases. The binding study of extrinsic fluorescent probe bis-ANS indicated that the probe can bind only to bRb, but not to bRp. These results suggest that significant structural difference existed between bRb and bRp. It was also found that both kinds of bR are highly thermal stable. The maximum wavelength of the protein fluorescence emission only shifted from 340 nm to 346 nm at 100 ºC. More interestingly, as temperature increased, the characteristic absorption peak of bRb at 605 nm decreased and a new absorption peak at 380 nm formed. The transition occurred at a narrow temperature range (65 ºC−70 ºC). These facts indicated that an intermediate can be induced by high temperature. This phenomenon has not been reported before.
Purple membrane is the membrane fragment found in Halobacterium halobium. Each purple membrane fragment contains more than hundreds of thousands of molecules of bacteriorhodopsin (bR), the only integrated membrane protein. Each bR contains 248 amino acids, having seven transmembrane α-helixes, and has a molecular weight of 26 kD. There are eight tryptophan and 11 tyrosine residues in bR. bR functions as light-driven proton pump, is able to photocycle and carry out photon-electronic reactions. At pH lower than 2 or after the removal of surface bivalent cations (mainly Mg 2+ and Ca
2+
), the color of the purple membrane becomes blue (referred to as blue membrane). The blue membrane does not undergo photocycles nor does it have any light-driven proton pump functions. To date, the structure, photocycles and photochoromic effect of the purple membrane have been extensively studied. The unique physical properties of the purple membrane suggested that bR could be useful in photoelectronic detection, neural network, biochip, etc. [1−14] . However, the comparison of the conformation of bR in purple and blue membrane has rarely been studied by fluorescence spectroscopy. In this paper, we used fluorescence and absorption spectroscopy to study the temperature effect on the conformation of bR proteins in the purple and blue membrane. For description convenience, bR in the purple and blue membrane will be referred to as bRp and bRb, respectively.
Materials and Methods

Preparation of bRp and bRb
Halobacterium halobium culture, isolation and purification of the purple membrane were carried out accord-ing to Wang et al. [3−5] . The obtained purple membrane was dissolved in 50 mM Tris-HCl buffer (pH 7.1) and stored at 4 ºC. The light-adaption of the purple membrane was carried out by illuminating the sample for 1 h with a 25 W lamp. The blue membrane was obtained from the purple membrane by adding 10 mM EDTA to pR solution of deionized water with resistance of 18 MΩ/cm. The concentrations of bRp and bRb were kept at 4.0 μM for all fluorescence and absorption measurements.
Fluorescent probe bis-ANS (4,4'-dianilino-1,1'-binaphthyl-5,5'-disulfonic acid, dipotassium salt) was purchased from Molecular Probe Incorporation (Invitrogen, Eugene, USA). L-tryptophan was obtained from Sigma (Sigma, St Louis, USA). Unless specified, all chemicals are AR grade.
Fluorescence and absorption measurements
Fluorescence and absorption measurements were carried out on Hitachi F-4010 fluorescence spectrophotometer and Hitachi U-3010 UV-visible spectrophotometer. All the fluorescence spectra were corrected by using the software provided in the instrument. In the temperature effect experiments, samples were incubated at each target temperature for 5 min before the measurement.
Results and Discussion
Temperature effect on intrinsic fluorescence of bRp and bRb When bRp and bRb were excited at 295 nm, only tryptophan residues were excited. As shown in Fig. 1 , the fluorescence spectra of both bRp and bRb had a maximum emission peak at 340 nm, suggesting that the tryptophan residues in two kinds of bR are in a similar hydrophobic environment [15−19] . However, the fluorescence intensity of bRb was 2.4 times as much as that of bRp at 25 ºC. These data indicate that the fluorescence efficiency of tryptophan in bRb increases with the state of transition form purple to blue. The fluorescence efficiency of tryptophan is related with the hydrophobic characteristics, the number and sort of nearby quenching group. In the case of bR, it seems that some nearby quenching groups moved away upon the transition from bRp to bRb, resulting in an increase in the fluorescence efficiency of tryptophan in bRb. However, there is one more possibility. It has been proposed that some but not all tryptophan residues are involved in energy transfer between Trp residues and retinal chromophore for bR [20] . The energy transfer efficiency between Trp residues and the retinal chromophore is dependent on the spectral overlap integral between the emission spectrum of Trp and the absorption spectrum of retinal, as well as their mutual distance and orientations. The transfer efficiency (E) is strongly dependent on the distance between donor and acceptor (r) as E is inversely proportional to r 6 . As seen in Fig. 1 , the fluorescence spectra of bRp and bRb were identical, indicating the spectral overlap mentioned above in these two kinds are very similar. This suggested that the decrease in E of bRb is probably caused by the variation of the distance between Trp residues and retinal chromophore. All of these possibilities implied that bR undergo pronounced conformational change upon the state transition from purple to blue. The tryptophan fluorescence spectra of bRp at 25 ºC (curve 1) and at 100 ºC (curve 2); inset, the fluorescence spectra of free tryptophan at 25 ºC (curve 1) and at 100 ºC (curve 2). All concentrations of bRp and bRb and tryptophan were 4.0 μM; the excitation wavelength was 295 nm.
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It is also shown in Fig. 1 that the maximum emission wavelength (λ max ) of the tryptophan in both bRp and bRb slightly shifted to red as the temperature increased. However, even at 100 ºC, the λ max of the proteins only shifted from 340 nm to 346 nm, but not to 352 nm, the latter is the maximum emission wavelength of the free tryptophan in water or tryptophan residues in a completely denatured protein [see inset in Fig. 1(B) ]. This suggested that both the bRp and bRb were only partial unfolded at a temperature as high as 100 ºC. These results indicated that bR in the purple and blue membranes are thermal stable, which is consistent with those reported by Heyes et al. [2] and Zhang et al. [8] .
Although the spectral red shift of bRp and bRb induced by the temperature were very similar, the changes in fluorescence intensity were different. As shown in Fig. 1(A) , the fluorescence intensity of bRb decreases with the increase in temperature, while the fluorescence intensity of bRp increases with the increase in temperature. Actually, the fluorescence intensity at 100 ºC has a 16% decrease for bRb and a 69% increase for bRp compared with that at 25 ºC. In general, the fluorescence intensity of tryptophan decreased with the increased temperature as shown in the inset of Fig. 1(B) . Therefore, the enhancement of bRp fluorescence intensity implies a mechanism which can increase the fluorescence efficiency of tryptophan to overcome the fluorescence reduction caused by higher temperature. One possibility of this phenomenon is that some quenching groups, which originally locate near to tryptophan residues in bRp, moved away during the unfolding process caused by higher temperature, resulting in weakening of the quenching effect. No matter what the mechanism is, the different changes in fluorescence intensity of bRb and bRp with temperature indicate that conformation around tryptophane residues of bR in the blue and purple membrane is different, which is consistent with the conclusion obtained from the comparison of tryptophan fluorescence efficiency at room temperature.
Effect of temperature on absorption spectra of bRb
As shown in Fig. 2(A) , the absorbance of the bRb at 605 nm decreases as temperature increases, and a new absorption peak at 380 nm formed and gradually increases. Fig. 2(B) shows the temperature dependence of the absorption of bRb at 380 nm and 605 nm. There was no any significant change below 60 ºC. However, when temperature was higher than 60 ºC, the obvious decrease at 605 nm and increase at 380 nm were observed simultaneously. The sharp transition occurs at about 70 ºC. The absorption change is so large that, the temperature effect can be observed unaided during the experiments. The color of the solution changed from blue to colorless at the transition temperature (70 ºC). Since the absorption spectrum characteristic is related to various intermediates of bR, these observations demonstrated that the state of retinal chromophore of bR in the blue membrane is highly temperature-dependent.
The formation of the 380 nm absorption peak might be the result of two possibilities. Luecke et al. reported that the formation of protonated Schif's base at the M-intermediate state resulted in absorption at 380 nm [21] . Popp et al. [22] and Fischer et al. [23] reported the formation of the Q intermediate state resulted in an absorption peak at 380 nm from bRb by a slow thermal reaction. Analysis of the two possibilities indicated that the transition in Fig. 2(A,B) most likely belong to the latter. However, in Popp's and Fischer's work, the Q state was obtained from acid-induced bRb in the presence of glycerol by a temperature change from 15 ºC to 35 ºC and incubation for 3 h, very different from our experimental condition in Fig. 2 . In our experiment, there is no obvious change at 380 nm and 605 nm from 20 ºC to 60 ºC. Actually, even at 10 ºC, the absorption of bRb was very similar with that at 20 ºC (data not shown). Therefore, our results implied that the temperature change from 60 ºC to 70 ºC might be a new way to induce the transition of bRb into a Q state. More interestingly, Heyes et al. found that the phase transition in bRb was at about 65 ºC [2] , close to the temperature of 70 ºC in our observation, implying that there would be some relationship between phase transition and the loss of retinal chromophore. It was also found that the absorption change of bRb in Fig. 2 is irreversible. The characteristic absorption of bRb at 605 nm could not be restored and the enhanced absorption at 380 nm remained even when the temperature slowly returned to room temperature.
Effect of temperature on the absorption spectrum of bRp
The effect of temperature on the absorption spectra of bRp was shown in Fig. 2(C) . Unlike bRb, the absorption of bRp from 350 nm to 650 nm continuously decreased as temperature increased. The decrease of the 570 nm peak is quite pronounced, however, the 380 nm peak was not observed [ Fig. 2(C) ]. In Fig. 2(D) , it is clear that the absorption of bRp at 380 nm and 570 nm were almost synchronically decreased as the temperature increased. This indicates that the temperature effect on the retinal chromophore in bRb and bRp is different, implying that the characteristics of the chromophore could relate with the conformation of bR.
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The binding of bis-ANS to bRb, but not bRp
Bis-ANS is a non-polar fluorescent probe which is almost non-fluorescent in water and becomes highly fluorescent upon its binding to the protein hydrophobic sites. The maximum fluorescence emission also shifts to blue upon binding. With these specific characteristics, bis-ANS has been extensively used to study conformational changes of proteins [24−28] . Fig. 3 shows the fluorescence spectra of bis-ANS in the presence (curve 1) and absence (curve 3) of bRb. With the addition of bRb, the fluorescence intensity of bis-ANS has an obvious increase and the spectrum is blue-shifted from 517 nm to 480 nm, indicating that the bis-ANS can bind to bRb. However, with the same experimental condition, on the addition of bRp there is no obvious fluorescence intensity increase of bis-ANS, suggesting bis-ANS does not bind to bRp (see inset in Fig. 3 ) [27−31] . These facts indicated that the hydrophobic area accessible to bis-ANS only exist in bRb but 
Fig. 3
The effect of temperature on the binding of bis-ANS to blue and purple membranes Curve 1, the fluorescence spectrum of bis-ANS bound to bRb at 25 ºC; curve 2, the fluorescence spectrum of bis-ANS bound to bRb at 100 ºC; curve 3, the fluorescence spectrum of free bis-ANS at 25 ºC. Inset, the fluorescence spectrum of bis-ANS in the presence of bRp at 25 ºC. All concentrations of bRb and bRp were 4.0 μM; the bis-ANS concentration was 10 μM.
http://www.abbs.info; www.blackwellpublishing.com/abbs not in bRp, implying that the protein conformation has significant changes upon the removal of bivalent cations from the surface of bRp, which result in the exposure of hydrophobic areas that are originally buried in bR to bis-ANS or in the formation of a new hydrophobic area which is accessible by bis-ANS. In either case, these observations indicated that the conformation of bR in the blue and purple membranes is different from each other, which is consistent with the conclusion obtained in intrinsic fluoresce experiments described above.
More interestingly, when the temperature increases, the fluorescence intensity of bis-ANS bound to bRb becomes stronger (Fig. 3) . At 100 ºC, the fluorescence intensity is almost two-fold higher than that at 25 ºC accompanied with a red shift from 480 nm to 500 nm. The red shift implies that the binding site of bis-ANS in the protein becomes less hydrophobic [27−29] , which is consistent with the partial denaturation of bRb caused by high temperature mentioned above. It is reasonable for a protein that the hydrophobic characteristics have some changes during denaturation. As to the increase in fluorescence intensity, it might be attributed to more bis-ANS bound to bRb at a high temperature. A detailed study will be carried out in the future. In the case of bRp, no obvious binding of bis-ANS can be observed either at room or higher temperature, even at 100 ºC.
In this paper, we used intrinsic fluorescence, bis-ANS binding and absorption spectra to study the conformation of bR in the blue and purple membranes and temperature effect on it. All the results obtained from both the intrinsic fluorescence and extrinsic fluorescence probe at various temperatures lead to a conclusion: the removal of bivalent cations from the surface of bR in purple membrane not only influences the retinal chromophore state, but also changes the local environments of tryptophan residues and the condition of the hydrophobic area of the protein. In other words, during the transition from the purple to blue membrane, the bR conformation has a fundamental change. The high thermal stability of bR protein in both the blue and purple membrane was also revealed by these studies. One more significant finding in this study is that a higher temperature can promote the chromophore in bRb, but not in bRp, to form a new absorption peak at 380 nm accompanied with the absorption decrease at 605 nm. This finding would be useful to study the potential intermediates of the chromophore and its relationship with the protein part of bR. Further studies on the dynamics of the conformation change during the transition from purple to blue of bR and the mechanism of the absorption increase at 380 nm will be carried out in the future.
